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Tears of an evaporating methanol meniscus on a silicon substrate
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We identify the formation of an unstable rim at the three-phase contact line of an evaporating meth-
anol meniscus due to the autophobic nature of the liquid. Undulations along the rim rupture at a
consistent frequency, leaving behind a regular pattern of droplet tears as the contact line recedes.
We characterize the geometry and undulation dynamics of the rim. The rim movement exhibits slip
at the contact line; the measured ratio of rim width to undulation wavelength matches the critical
unstable Rayleigh ratio for an intermediate slip regime. Unlike previously observed rim instabil-
ities, the rim volume here is replenished from the evaporating bulk meniscus and maintains a con-
stant width, such that the instability wavelength remains constant and droplets are generated with a
consistent, nano-liter volume and deposited in a regular pattern. Occurrence of this unstable rim
during an evaporation-driven dewetting process may allow for rapid, controlled deposition of small
droplets from the fast-moving contact line of a highly volatile fluid. Published by AIP Publishing.
https://doi.org/10.1063/1.5041003
Unstable fluid interfaces showcase fascinating shapes and
dynamics. Liquid jets breaking into droplets,1 rivulets forming
from liquids flowing on inclined surfaces,2 fingering in spin-
ning droplets3and during film spreading,4 and the formation of
droplet patterns during the drying of liquids,5 or dewetting of
viscous polymers6,7 are all prominent examples of instabilities
formed at the solid-liquid-air three-phase contact line (TPCL).
Such contact-line instabilities are of significant interest due to
their effect on the spreading and evaporation behavior of liquid
droplets and films that are ubiquitous in industrial coating,
painting, and printing applications.8
Evaporation of thin liquid films and droplets causes con-
tact line recession that is subject to fingering instabilities at
the interface. Mass transport by the local gradients in surface
tension, induced by gradients in temperature or liquid com-
position, is known as the Marangoni effect.9 The Marangoni
effects can lead to several types of instabilities including fin-
gering.8 For binary liquid mixtures, concentration-gradient-
induced Marangoni forces can become so significant that one
component bursts out from the interface.10 Other mecha-
nisms, such as centrifugal3 and gravitational2 forces or ther-
mocapillary convection,11 can also lead to fingering
instabilities at the TPCL during evaporation.
In contrast to fingering, a different type of instability
may be observed during dewetting of a film if liquid locally
dewets and accumulates at the contact line, forming a thick
liquid rim.12–17 Dewetting may be triggered by the presence
of a surface inhomogeneity or defect that results in rupture
and formation of a “hole” in the film.18 Rim formation is
commonly observed during polymer dewetting18–20 when the
solid substrate is coated with an end-grafted polymer brush to
induce an autophobic effect13,17,21,22 that causes local dewet-
ting at the TPCL. This rim is subject to an instability that
causes continuous formation of polymer droplets that pinch
off from the rim.13 Rim formation at an evaporating contact
line has only been recently observed inside a pulsating heat
pipe,23,24 where the dewetting occurs due to oscillation of the
meniscus and no rim instabilities are observed.
We report on our observation of an unstable rim at the
three-phase contact line during evaporation of a volatile liq-
uid (methanol) meniscus. Experimental characterization of
the rim verifies that rim formation is caused by the autopho-
bic25,26 behavior of the liquid. Undulations along the unsta-
ble rim grow into tiny droplets that eventually pinch off;
these “tears” are left behind as the contact line recedes. This
unique behavior differs from previously reported instabilities
that include fingering,3,4,27 electric-field-induced spread-
ing,28 droplet-like structures formed at the leading contact
line of a spreading volatile liquid,29 recondensation,30 and
the instabilities due to Marangoni-driven flows.8 This behav-
ior also differs from spinodal dewetting, in which waves at
the liquid-air interface of a thin film grow and destabilize the
film into a series of droplets.31–33 Unlike in the case of rim
instabilities that occur during polymer dewetting,13,14,16,22
this evaporation-driven dewetting of a highly volatile fluid
creates a constant-width liquid rim and droplets pinch off at
a near-constant frequency and pitch, creating a regular pat-
tern of nanoliter droplets.
A single-side-polished Si wafer (h100i; 406–480 lm
thick) is used as the substrate for the experiments. The Si
wafer is cleaned with a piranha solution (1:3 ratio of 30%
H2O2 and 99.99% H2SO4), thoroughly rinsed in deionized
water, and dried using pure nitrogen gas. The contact angle
of a 5 ll water droplet placed on the cleaned Si wafer is mea-
sured at 5 different locations and the average is found to be
16.3 6 1.2 (Rame-hart, 290-F1). Scanning of the cleaned
Si wafer using Atomic force microscopy measured the sur-
face roughness to be 1.73 nm (see supplementary material S1
for details of the surface roughness characterization).
Methanol (10 ll; Mallinckrodt Chemicals; 99.9% pure
methyl alcohol, anhydrous) is gently dispensed on top of the
Si wafer using a micropipette, taking care to avoid anya)Electronic mail: sureshg@purdue.edu. Tel.: (765) 494-5621.
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vibration, impact, or splashing. The wafer rests on a
temperature-controlled thermoelectric stage (TE Technology,
Inc. CP-031 and TC-48-20), which is mounted on an optical
microscope (Olympus BX53M) stage, as depicted in Fig. 1.
Prior to deposition of the droplet, the wafer surface tempera-
ture is maintained constant at 20.3 C, measured separately
using a T-type thermocouple (Omega TJC36-CPSS-020U-6)
affixed to the wafer.
The Si wafer is positioned under the microscope such that
the receding contact line moves across the field of view as the
methanol evaporates. The details of the microscope viewing
window position are provided in the supplementary material
S2. A 10 objective is used to visualize the moving contact
line behavior with a high-speed camera (Phantom VEO 710L)
at 2000 fps. A monochromatic light filter (500 nm) is placed in
the optical path for improved visualization.
After methanol is dispensed on to the Si wafer, the
highly wetting liquid spreads and forms a completely wetting
film over a circular region of the wafer, with a thin-film
meniscus at the contact line. The contact line then starts to
recede as the liquid film evaporates, revealing a remarkable
phenomenon as presented in the photograph in Fig. 1. A liq-
uid rim, which appears as a dark band in the images that is
evidently thicker than the adjacent evaporating meniscus, is
formed at the contact line and tiny droplet tears pinch off
from the rim. Once a droplet pinches off, the rim replenishes
itself from the bulk and the rim again starts to grow until
another droplet pinches off from the same location. This
cycle continues, leaving a pattern of droplet tears in the
wake of the receding contact line, until the bulk liquid
completely evaporates [see video of the receding meniscus
of methanol on the Si wafer in the supplementary material
S3; Fig. S3]. The experiment is repeated several times to
confirm reproducibility. While the evaporation of the metha-
nol is not perfectly symmetric about the point of deposition,
due to brief moments of localized contact line pinning as the
meniscus recedes, the patterning of droplet tears is reason-
ably consistent and uniform.
The formation of such a rim has been reported, but is
generally considered to be specific to polymer dewetting,13–16
where the polymer liquid is allowed to dewet on a grafted
layer of the same polymer molecule.17,21,22,34 The rim forms
due to local dewetting of the liquid near the contact line. This
local dewetting originates from repulsion of the bulk mole-
cules along the liquid interface by immobile molecules
attached to the surface. This dewetting phenomenon naturally
occurs for liquids that are intrinsically autophobic.25,26
Autophobic properties have been observed for polar sol-
vents,12,25,26,35–38 such as alcohols, that form an adsorbed
layer when in contact with, or in close proximity to, a high-
energy surface.35–37,39 If the critical surface tension of wet-
ting of this adsorbed layer is less than that of the bulk liquid,
the liquid will exhibit autophobic behavior.40,41 Given our
unique observation of rim formation near the contact line dur-
ing evaporation-driven dewetting of a volatile liquid, we con-
clude that the methanol locally dewets on its own adsorbed
layer. The adsorption of methanol is confirmed via X-ray
photoelectron spectroscopy (XPS) of the Si wafer before and
after contact with methanol (see supplementary material S4
for details); these XPS spectra are consistent with the litera-
ture39 wherein methanol adsorption on Si(100)/SiO2 is
described. Ellipsometry (Gaertner L116SF) is used to mea-
sure a 37.6 nm-thick adsorbed layer after the methanol
completely evaporates from the wafer.
To confirm that rim formation can occur during
evaporation-driven dewetting due to the autophobic interac-
tion of methanol with other substrates, we perform an
additional experiment under identical conditions. Using a sap-
phire wafer (430 lm thick, C to M-plane by 0.2 6 0.1 offset)
on which methanol is known to adsorb,42,43 a rim is also
observed at the receding meniscus [see video of the receding
meniscus on a sapphire wafer in supplementary material S5;
Fig. S5]; however, the rim is stable on this substrate and drop-
let tear formation is not observed.
The liquid rim is unstable, and spatially periodic undula-
tions are observed along its length. The undulation peaks
bulge out and eventually grow into droplet tears that pinch
off from the rim at time tp as shown in Fig. 2. The rim mor-
phology resets and this cycle of undulation growth and drop-
let pinch-off repeats. The pinched off droplet tears take
10–11s to evaporate completely. The unstable rim is in a
FIG. 1. Schematic diagram of the experimental setup; a plan view image of
the contact line is shown with a schematic cross-sectional sketch of the liq-
uid rim and pinched-off droplet tears.
FIG. 2. Sequence of images from high-
speed visualization showing the cycle
of undulation growth and pinch-off of
droplet tears from the trailing edge of
the unstable rim for an evaporating
methanol meniscus on an Si wafer.
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varicose mode12 and asymmetric; the undulation peak ampli-
tude is larger on the trailing side of the rim. It is noted that
the time scale of one droplet tear pinch-off (20 ms) is sig-
nificantly smaller than time (10 s) for evaporation of the
entire 10 ll of methanol [see video of the spreading and
evaporation of methanol on the Si wafer in supplementary
material S6; Fig. S6].
The distances traveled by the undulation peaks and val-
leys [Dpeak and Dvalley, respectively, Fig. 3(a)] are tracked
(ImageJ v1.51k; MTrackJ) from the start of the droplet
growth cycle at to. Based on observation of multiple cycles
at the same rim location [Fig. 3(b)], the peak and valley posi-
tions are initially offset and move at similar rates at the start
of each cycle; eventually, the Dpeak position stalls as the
local contact line begins to stick to the substrate, increasing
the separation from Dvalley until pinch-off occurs.
The average cyclical behavior of Dpeak and Dvalley,
over four cycles at six different locations along the rim, is
presented in Fig. 3(c); the uncertainty bars represent the stan-
dard deviation. The mean distance traveled by the contact
line (Dmean, taken as the average of Dpeak and Dvalley) follows
Dmean/ ta with a 0.66. This value, which matches the the-
oretically predicted value of a¼ 2/3 for a combined viscous
and slip velocity condition,16,44 confirms the presence of
slip at the solid-liquid boundary, as reported in polymer
dewetting.16,44
The mean velocity of the receding rim, calculated based
on Dmean (t), is shown in Fig. 3(d). Remarkably, the rim for-
mation and instability is observed for evaporating methanol
at a contact line velocity of O(mm/s) that is orders of magni-
tude higher than in the case of polymer dewetting O(nm/
s).13,16 The capillary number (Ca 108), calculated based
on this contact line velocity, also differs significantly in mag-
nitude from the values reported for rim instabilities during
polymer dewetting (Ca 103 (Ref. 13)–101 (Ref. 16)).
The temporal characteristics of the rim width and undu-
lation wavelength are investigated in detail to characterize
the nature of this naturally occurring instability. The cyclical
variation of the width of the rim at the undulation peaks and
valleys is shown in Fig. 4(a). Rim widths are defined at the
peak (Wpeak) and valley (Wvalley) of the undulations, as mea-
sures of the distance between the three-phase contact line
and the liquid side of the rim; see the inset of Fig. 4(b). The
valley width (Wvalley) remains constant whereas the width at
the peaks (Wpeak) increases with time as the rim bulges until
droplet tears eventually pinch off. After each droplet tears
pinch off, the rim volume is replenished by the liquid from
the bulk meniscus such that the rim resets to the same initial
FIG. 3. Rim movement of the evaporating methanol meniscus on an Si wafer: (a) images defining the distances traveled by the undulation peaks and valleys of
the rim; (b) distance travelled by the peak and valley for 3 consecutive cycles; (c) averaged cyclical behavior over 4 cycles at 6 different locations along the
rim; and (d) mean velocity of the rim.
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width at the start of each cycle [the average cyclical behavior
for the peak and valley widths relative to its initial position
is shown in Fig. 4(b)]. This time-periodic rim width observed
during evaporation-driven dewetting, with a time-averaged
rim width of 1tp
Ptp
t¼0ðWpeakðtÞ þWvalleyðtÞÞ135.6 lm, is
significantly different from the case of polymer dewet-
ting,13,17,22 where the rim width grows monotonically as a
result of mass accumulation from the dewetted regions. The
spatial peak-to-peak wavelengths of the rim undulations
remain almost constant relative to its initial position through-
out a cycle, as presented in Fig. 5.
The rim undulations are characterized by a Rayleigh
ratio (R) of 2.3, which is calculated as the ratio between the
average wavelength (k¼ 219.5 lm) and width (96.5 lm) at
the start of a cycle. This is close to the critical ratio of 2.4
that corresponds to the dominant unstable wavelength for a
rim in an intermediate-slip regime according to the lubrica-
tion theory.15 The rim peak amplitude is found to grow expo-
nentially in time (see supplementary material S7 for details).
The average frequency of droplet pinch-off (6.24
6 1.64 Hz) and the size of the droplets (176.1 6 2.4 lm major
axis and 84.6 6 2.1 lm minor axis for the elliptically shaped
droplets), measured immediately after pinch-off (within
1.5 ms), are found to be consistent (averaged over 4 cycles and
at 6 different locations). As the peak-to-peak undulation
wavelength and pinch-off frequency both remain constant, the
droplets form at consistent locations along the rim and are
deposited in a regular pattern [see the image in Fig. 3(b)],
unlike the stochastic nature of droplet formation reported in
polymer dewetting.13,16 This evaporation-driven dewetting
process is able to rapidly deposit 0.33 6 0.03 nl droplets
(see supplementary material S8; 298 droplets per second
per cm length of contact line; the frequency of the droplet
deposition is presented as the number of droplets generated
per second per cm length of the contact line to account
for the change of circumferential perimeter as methanol
evaporates), which provides an avenue for rapid deposition
of suspended/dissolved species in a regular pattern without
involving any complex fabrication techniques. The reported
phenomenon has an added advantage of depositing uniform
nanoliter-sized droplets completely passively and without
requiring the complex system of components used in exist-
ing piezoelectric dispenser devices. The droplet tear forma-
tion was also observed when using ethanol and isopropanol,
under identical conditions, which suggests that this phenom-
enon may occur for a wider set of fluids having relevance to
applications.
In summary, the formation of an unstable rim at the con-
tact line of a rapidly evaporating meniscus is observed. The
rim forms due to the autophobic interaction of methanol with
FIG. 4. Rim width of the evaporating methanol meniscus on an Si wafer: (a) width of the peak and valley of the rim for consecutive 3 cycles and (b) average
cyclical behavior over 4 cycles at 6 different locations along the rim.
FIG. 5. Rim undulation wavelength of the evaporating methanol meniscus on an Si wafer: (a) peak-to-peak wavelength of the rim undulations for 3 consecu-
tive cycles and (b) average cyclical behavior over 4 cycles at 6 different locations along the rim.
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its adsorbed layer. Unstable, varicose-mode undulations
along the rim periphery have peaks that grow exponentially
and eventually pinch off from the rim as tiny droplet tears.
The rim width and undulation wavelength are characterized
and found to correspond with the theoretical critical unstable
Rayleigh ratio for a rim in the intermediate slip regime. This
unique observation of rim-instability-mediated droplet gen-
eration provides a potential pathway for passive generation
of uniform nano-liter sized droplets in microfluidic applica-
tions, for example, in depositing micro/nano-particles in pat-
terns for making versatile lithographic masks45 or in cell
spot microarrays.46 This work also opens up new challenges
and future research avenues for the community, to model the
rim formation and instability during this evaporation-driven
dewetting process for highly volatile fluids.
See supplementary material for the surface roughness
characterization of the Si wafer, details of the microscopic
observation window, video of the evaporation of methanol
on the Si wafer, x-ray photoelectron spectroscopy, video of
evaporation of methanol on the sapphire wafer, video of the
spreading and evaporation of methanol on the Si wafer,
growth of the rim peak amplitude, and pinched off droplet
volume estimate.
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